Monitoring fish and underwater habitats, particularly in and around marine protected areas (MPAs) requires non-destructive observation methods. This is generally achieved by divers conducting underwater visual censuses (UVC), but video-based techniques are now being used more often to observe underwater macrofauna and habitats. A comparison of these two techniques is relevant with the development of high-definition (HD) video, which constitutes a substantial improvement over previously available video resolutions at limited extra cost. We conducted a paired observation experiment involving both HD video and UVC in an MPA located in the New Caledonian lagoon, which is a highly diversified coral reef ecosystem. We compared three techniques for counting fish along 50 m × 4 m delineated strip transects: UVC and two video techniques in which the diver used either a straight trajectory (I-type transect) or a browsing one (S-type transect). The results showed that the proportion of fish that were not identified up to the species level did not exceed 3.3% in video observations versus 1.7% in UVC. The abundance and species richness were larger in UVC than in videos, and S-type transects detected more individuals and species than I-type transects. The average abundance and species richness observed by UVC were 1094 individuals and 69.7 species per transect respectively. In comparison with UVC, I-type and S-type video transects detected on average 56% and 61% of the abundance and 85% and 77% of the species richness seen by UVC respectively. Our results showed that, in comparison to UVC data recorded in situ, the post field analysis of HD video images provided representative observations of fish abundance and species diversity, although fewer species and individuals were detected.
Introduction 46
Coral reef ecosystems are characterized by their level of species diversity, 47 which is among the highest of world's marine ecosystems (Connell 1978; Ray 48 1988) . Recent reports on the condition of coral reefs warn of their ongoing 49 degradation (Wilkinson 2004 ). This situation requires the implementation of 50 management measures aimed at i) preserving the biodiversity of coral reef 51 ecosystems and ii) sustainable development of the activities that depend on 52 these ecosystems. Marine protected areas (MPAs) are a key management 53 instrument for achieving these two objectives, and quantitative targets have 54 been set for a global network of MPAs in the coming years (Convention for 55
Biological Diversity (CBD), http://www.biodiv.org/defaults.html). With these 56 recommendations comes the obligation to establish monitoring programs to 57 track the progress toward the achievement of biodiversity conservation, based 58 on tools that do not disturb the ecosystem. Therefore, monitoring and 59 assessment of fish and their habitat in particular in and around highly protected 60 MPA require non-destructive observation methods. This is generally achieved 61 by underwater visual censuses (UVC) which have been successfully used for 62 years to estimate reef fish abundance or biomass in studies of population 63 dynamics, ecology and management (e.g., Barans and Bortone, 1983 ; 64 
Data analysis 165
We first tested the effects of conducting the video transects before or after 166 the UVC on the overall abundance and species richness per transect by fitting 167 two-way ANOVA models to video transect data. The models (one for species 168 richness and one for abundance) included a time (before or after) and transect 169 type (I-type and S-type) factors. The before/after effect was tested using a t-170
test. 171
Next, we analyzed the abundance and species richness observed from UVC 172 counts and from the two types of video transects. The tests and comparisons 173 for this analysis were conducted by two-way ANOVA modeling of species 174 richness and abundance, considering the site (three levels: site 1, site 2 and 175 site 3), and transect type (three levels: UVC, I-type, and S-type). Using this 176 method, we could predict the mean abundance and species richness per 177 transect that can be expected to be observed by each observation technique, 178 namely UVC and I-type and S-type transects. Our results were interpreted 179 considering the differences in sites due to habitat, on the basis of the MSA 180 description of habitat. For this purpose, the percent values of biotic and abiotic 181 components of habitats were averaged over the transects of each site to 182 provide information for between-site comparisons. 183
In a third step, we investigated the differences in fish assemblages observed 184 from each observation technique. For each family, we first calculated the 185 number of species and the abundance per transect. Then for each transect 186 type, the overall means for both abundance per family and species number per 187 family across transects were computed by averaging the previous values over 188 transects of a given type. For a number of families that were observed in both a 189 large proportion (more than 75%) of video observations and in all UVC 190 observations, the abundance per family was modelled using a two-way For video observations, the difference in species richness or abundance due 218 to transect type was larger than that due to timing of the video transect (Fig. 2) . 219
This was confirmed by three-way ANOVA fitted on these variables with site, 220 transect type and before/after factors. Though the model of species richness 221 was highly significant (adjusted R 2 =0.47, F(11,24)=3.81 with p=0.003), the 222 transect type effect was the only significant effect (p=1.7.10 .-5 ) and the 223 before/after effect was far from being significant (p=0.65). For abundance, the 224 model with three factors was not found to be significant overall, but the model 225 with only the transect type and the before/after factors was significant (adjusted 226 R 2 =0.2891, F(3,32)= 5.7 with p=0.003). In the latter model, the before/after 227 effect was not significant (p=0.79) and the transect type effect was the only 228 significant effect (p=0.00025). Therefore, conducting the video observation 229 before or after the UVC was found to have no significant effect on the overall 230 abundance and species richness that were detected per transect. We also 231 compared the abundance per family observed before and after for a given 232 transect type. The correlation coefficient between these two abundance values 233 was 0.998 (p<2.2.10 -16 ). Two ANOVA models including the transect type, site, 234 family, and before/after factors respectively fitted to the abundance and species 235 richness per family confirmed that the before/after factor was not significant and 236 did not interfere with the other effects. Non-identified individuals were excluded 237 from the latter models, as well as Pomacentridae, because the distribution of 238 corresponding data did not meet model assumptions when they were included. 239
Because the before/after effect was found not to be significant The observed abundances and species richness were larger with UVC than 250 with video, and S-type transects detected more individuals and species than I-251 type transects (Fig. 3) . 252
We fitted a two-way ANOVA with transect type and site factors to both the 253 overall abundance and species richness per transect. For species richness, the 254 model was valid and highly significant (adjusted R 2 =0.77, F(8,36)= 19.2 with 255 p<7.10 -11 ), and only the effects of the transect type and site were significant 256 (p<4.9.10 -13 and p<9.10 -3 , respectively). For the abundance and species 257 richness, the adjusted R 2 were 0.58 and 0.62, respectively; the F(8,36) statistics 258 were 8.5 (p<2.1.10 -6 ) and 9.95 (p<3.5.10 -7 ), and the only significant effect found 259 was due to transect type (p<5.9.10 -8 and p<2.4.10 -9 , respectively). In both 260 cases, the interaction between site and transect type was not significant, 261 indicating that differences between the transect types did not depend on the 262
site. 263
This model was used to predict the species richness, abundance and number 264 of families per transect that can be detected by each technique ( Table 2 ). The 265 predicted average abundance and species richness obtained from UVC were 266 1094 individuals and 69.7 species per transect, respectively. The predictions of 267 abundance and species richness for I-type video transects were 56% and 61%, 268 respectively, of the abundance and species richness predicted for UVC, while 269 for S-type video transects, they were 85% and 77% respectively of the 270 predictions for UVC. 271
From UVC, the species richness appeared to be higher at site 1 than at the 272 other sites, and the overall abundance was higher at site 2 than at the other 273 sites (Fig. 3) . Between-site differences in abundance and species richness may 274 be attributed to differences in coral reef habitats (Table 1) . Site 1 was 275 characterized by a larger cover of living coral which were mostly massive coral, 276 while site 2 exhibited much more debris cover than the other two sites (40% of 277 debris versus ~13% at the other sites), with more branched coral than massive 278 coral (63% of branched coral versus 26% and 50% at the other sites), and 279 some table coral, causing this site to have a lower habitat rugosity. Site 3 was 280 intermediate in terms of rugosity; it had more sand and dead coral than the 281 other sites, but also contained a large amount of branched coral and some 282 massive coral. 
Results per family 285
Twenty-nine families were observed in the 9 UVC and 35 in the 36 video 286 observations (Table 3 ). In the rest of this paper, only S-type video observations 287 will be compared to UVC because they provide more complete observations 288 than I-type transects. Because the number of S-type video observations 289 conducted was twice that of the number of UVC, the total species richness and 290 abundances cannot be directly compared. In terms of occurrences, 291
Pomacentridae, Labridae, Scaridae, Chaetodontidae, Acanthuridae, 292
Pomacanthidae, Nemipteridae, Mullidae, and Blennidae, were observed in 293 either all or more than 89% of video observations. Serranidae, Gobiidae, 294
Lutjanidae and Balistidae and Synodontidae were seen in more than half of the 295 video observations. The other families were seen less often. Each of these 296 families was seen in all UVC, except for Balistidae, Synodontidae, Gobiidae and 297
Lutjanidae. 298
For each family, the mean abundance per transect and mean species 299 richness per family were computed by averaging values computed at the 300 transect level, which mitigates the effect of differences in transect numbers 301 between techniques. The results indicated that the mean number of species per 302 transect that were detected from UVC was larger than from the videos, except 303 for Scaridae, Nemipteridae, Aulostomidae and Lutjanidae (Fig. 4) . However, the 304 number of species detected by video transects is relatively large and is not 305 considerably smaller than the number detected by UVC, particularly for frequent 306 families such as Pomacentridae, Pomacanthidae, Scaridae, Labridae, 307
Chaetodontidae Acanthuridae and Blennidae. For 21 families out of 35, the 308 mean abundance per transect was larger in UVC than in videos, though this 309 difference was not large for 8 of these families. The reverse was true for 2 310 families, and abundances were similar for 4 families. For each family that was 311 encountered in a sufficient number of video transects (more than 75%) and in 312 all UVC transects (Table 4) , a two-way ANOVA with transect type and site 313 factors was fitted to the family abundance per transect. For all of the models 314 presented, the fits were good, and the residuals conformed well to linear model 315 assumptions. The interaction between the site and transect type was not 316 significant (except for Pomacentridae), which indicates that transect types 317 compared similarly across habitats, i.e., the comparison did not depend upon 318 fish abundance. From these models, the abundance predicted by UVC was 319 always larger than that predicted by video (Table 4 ). The predicted abundances 320 were very similar for Pomacentridae and Nemipteridae, with video observations 321 detecting 92% and 94%, respectively, of the UVC-detected abundance. For 322
Chaetodontidae, Acanthuridae and Blennidae, UVC predictions of abundance 323 were considerably larger than those from video, with video detecting 72%, 66% 324 and 54%, respectively, of the UVC-detected abundance. For Scaridae and 325
Mullidae, the abundance predicted by UVC exceeds by far that predicted from 326 video, with video detecting 43% and 36%, respectively, of the UVC-detected 327 abundance. For families with an occurrence in between 7 and 11 video 328 transects (40 and 60% of video transects, Table 3), no model was fitted, but the 329 UVC abundance was larger than the video abundance for Synodontidae, 330
Tetraodontidae, Gobiidae, Lutjanidae and Penguipedidae, and the reverse was 331 true for Balistidae. For families rarely encountered (in less than 40% of video 332 transects, 
Observations of the fish assemblage according to the technique used 342
Abundance and species richness were larger in UVC than in video 343
observations, but the fraction of the fish assemblage that can be detected from 344 video images is representative overall. The comparison between these 345 techniques is discussed here with regard to species identification and fish 346 detection taking into account fish abundance and habitat complexity. 347
First, the ability to identify species is one of the most frequent concerns 348 raised about video techniques. It is often assumed that fish identification is 349 difficult in 2-dimensional images. However, in the present study, the proportion 350 of fish that were not identified up to the species level did not exceed 3.3% in 351 videos versus 1.7% in UVC. This lower proportion for UVC may be due to the 352 level of expertise of the divers, and the fact that these can pay more attention in 353 the field for species that are difficult to identify. The almost equally low 354 proportion of species identified in videos may be explained by the use of HD 355 cameras and to a lesser extent to the large screen used for image analysis. 356
Additionally, for S-type transects, the camera was filming as close to the fish as 357 the diver during UVC, thus making image analysis easier. 358
An advantage of video transects was that images could be re-analysed and 359 observers could spend more time identifying an individual from the guide books 360 and differentiate between species, thereby allowing for more individuals to be 361 identified at species level. 362
The second possible difference in the data obtained by these observation 363 methods concerns the detection of fish species and fish individuals. Overall, our 364 findings indicate a larger number of fish observed in UVC compared to video, 365 although the results depend on fish families. This finding may be explained by 366 the fact that UVC lasted on average 3 to 4 times as long as S-type video 367 transects. Thus more time was available to encounter individual fish 368 underwater. Overall, the difference between UVC and video is larger for the 369 abundance than for the species number. There are two possible hypotheses to 370 explain this. First, in 2-dimensional images it is more difficult to estimate the 371 number of individuals within a school than from direct underwater viewing, 372 which might lead to lower abundance estimates from video compared to UVC. 373 Second, assigning an individual to a given species from the video screen might 374 lead to the distinction of more species if the identification is done with the help 375 of a book. In addition, video observers have more time than divers to 376 discriminate among species in a given school. 377
The observation time required clearly depends on the technique used, and 378 additional time in the laboratory is necessary in the case of video, while more 379 time is spent in the field for UVC. In this study, the overall video observation 380 time including the time spent underwater and the time spent at the laboratory, 381 was quite similar to UVC. 382
In the present study, the consequences of differences in the underwater 383 observation time were mitigated by the fact that the transect area was distinctly 384 delineated. For both S-type transects and UVC, the diver takes the time 385 required to capture, either by eye or by the camera, all of the fish that can be 386 seen at that moment within the transect area. Still, UVC requires more time 387 underwater than S-type transects, because fish have to be identified and 388 counted on-site. It is difficult to conclude which technique best estimates the 389 true abundance and species richness because as the observation time 390 underwater increases, the probability that a fish which is present in the vicinity 391 of the transect enters or leaves the delineated area also increases, so there is 392 an increased possibility of counting the same fish twice and of seeing more 393 species, which is particularly true for mobile species. Indeed, the two 394 techniques provide distinct estimates of abundance and species richness. 395 However, the point of this study was to evaluate whether video transects 396 provide representative information about the fish assemblage, compared to a 397 widely used technique such as UVC. It is also important to consider that for a 398 given technique, observation time always increases with the in situ abundance 399 and diversity of fish and it will increase less for video than for UVC. The analysis 400 time per video transect also dramatically changes from temperate to tropical 401
regions (Langlois et al 2010). 402
The third point of comparison between these techniques deals with the 403 importance of the habitat type in fish detection. In our study, observations were 404 done in several habitats with distinct characteristics, and the differences 405 between fish assemblages that we detected were not found to depend on 406 habitat complexity. Where some species and/or families were found in larger 407 abundances at some sites due to differences in habitat, the techniques used 408 were equally successful in the habitats surveyed. The differences that we 409 observed in fish abundance depended on the site for only one family 410 Carcharhinidae and 3 Acanthuridae. In this study, the corresponding numbers 431 of species observed were: i) for Serranidae, 5 species in videos versus 6 in 432 UVC, ii) for Lethrinidae, 3 in videos versus 1 in UVC, iii) for Carcharhinidae, 1 in 433 videos versus 0 in UVC, and iv) for Acanthuridae, 6 species in both videos and 434 UVC. The number of carnivorous species observed in video and UVC was 435 larger in our study, as additional species belonging to other families were seen. 436
Abundances observed in BRUV cannot be quantitatively compared to the 437 estimates obtained in the present study, as they are calculated in a different 438
way. The number of observations in Langlois et al. (2006) was smaller than in 439
this study, therefore species numbers cannot be directly compared. 
Advantages and shortcomings of the techniques in terms of logistics 447
The differences between techniques mainly pertain to the diving time and 448 level of expertise of the diver that are required (Table 5) . With respect to human 449 resources, UVC requires at least one fish expert diver in the field, while a video 450 transect requires a single diver who does not necessarily need to be a fish 451 expert. As security regulations often require two divers underwater, and one at 452 the surface, if two cameras are available, the number of observations can be 453 doubled using video. At the laboratory, UVC and video data can be input by a 454 single person. Videos were preferably analyzed by two persons, one of whom 455 was a fish expert, but because the capacity for both species identification and 456 counting from moving images increased during this process, a single person 457 became perfectly able to do the work alone. Building the capacity for image 458 analysis required some training, which was relatively quick when the analysis 459 was conducted together with fish experts. 460
With respect to expertise, video transects can be conducted by any diver 461 once they are trained to use the camera, which is quite easy, and a given video 462 transect can be analyzed for both fish and habitat. In contrast, UVC transects 463 require expert divers. At least one diver has to be able to identify fish species, 464 and two are often required in coral reef ecosystems when all fish species are 465 counted, as was the case in this study. UVC transects are generally run twice, 466 one for fish, one for habitat. 467
With regard to the time taken for a given transect, I-type transects and S-type 468 transects take on average 4 min and 30 s and 10 min, respectively, in the field. To summarize the advantages and shortcomings of the techniques used for 482 observing fish assemblages (Table 6 ), UVC is a widely used technique, with 483 experts around the world, but all species are not systematically identified by this 484 technique in highly diversified ecosystems such as coral reefs. Indeed, many 485 monitoring programs either require only information for some species or species 486 groups, e.g., target species, or do not collect information at the species level, 487 see e.g., the protocols recommended by the Global Coral Reef Monitoring 488
Network (Hill and Wilkinson 2004). In addition, UVC only require data input after 489
field work, unlike video-based techniques which require further image analysis. 490
In our study, UVC led to the detection of significantly more fish individuals and 491 fish species than video monitoring. The first advantage of video is that it does 492 not require an expert in fish identification in the field, and hence, a non-493 specialist diver can operate the camera. Second, video reduces the time spent 494 underwater, allowing for more observations to be conducted. Less time in the 495 field implies lower field costs, which are always larger than laboratory costs. 496
Third, habitat information is collected at the same time as fish information with 497 video. Fourth, video images may be archived, and they may be analyzed by 498 several persons, thus limiting potential observer effects, which are sometimes a 499 shortcoming of UVC (Preuss et al. 2009 ). Finally, video may also be analyzed 500 for other purposes, e.g., for habitat or for a subset of species of interest. 501
From this study, we thus conclude that HD video is a technique that is worth 504 considering for observing and/or monitoring fish assemblages in highly 505 diversified ecosystems such as coral reefs. Our results for habitat observations 506
were not presented per transect, and further study is needed to evaluate the 507 efficiency of this technique for habitat monitoring, but the image analyses that 508 we carried out have already shown that habitat characterization is easier than 509 fish identification and abundance estimation. Using the MSA approach 510 described in this paper, it took at most 10 min to analyze a single transect for 511
habitat (Pelletier et al., unpubl. data). 512
Standard video was not considered in this study because the extra cost incurred 513 by using HD video compared to standard video is marginal in light of the overall 514 cost of conducting underwater observations, whether they are visual or video-515 based. The main point of this study was to compare HD video to UVC which are 516 currently the most widely used technique for observing fish assemblages. It 517 appears that HD video might constitute an interesting alternative to UVC when 518 these cannot be implemented, e.g., when no fish expert is available in the field. Harmelin-Vivien, M.L., Harmelin, J.G., Chauvet, C., Duval, C., Galzin, R., 582
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